An outline drawing often serves as an excellent depiction of a visual scene. Somehow, our visual system can form two-and tbreedimensional percepts solely from onedimeosional contour information. In ma~mati~, contour &sure plays a key role ia bridging this ~~io~~ gap, however in perceptions the link between closure and shape is unclear. To better understand this relatiousbip, we devised a set of visual search experiments in which subjects discriminate outline figures by meaus of their two-dimensional shape. By modulating the degree of closure of the outlines, we show that two~me~ional shape processiu g is rapid for closed stimuli but slow for open stbnuli. We further show that search can be characterized as a smooth, monotonic function of the degree of closure, supporting the notion of a perceptual closure continuum.
INTRODUCTION
Amongst the many contours in a natural image, there will be some which project from the boundaries of objects. Integrating information from these occlusion contours allows the inference of two-and three-dimensional shape properties. The trick is to pick the right contours to integrate, so that non-o~lusion contours, or occlusion contours from distinct boundaries, are not integrated into representations of non-existent objects.
The hypothesis motivating this work is that this process of selective integration is based upon contour closure. This perceptual closure is presumed to have some correspondence to mathematical and intuitive notions of closure, but also to have properties specific to a perceptual context.
The importance of contour closure to perception was observed and discussed by Gestalt psychologists in the 1920s and 1930s ( Fig. 1): "Ordinary lines, whether straight or curved, appear as lines and not as areas. They have shape, but they lack the difference between an inside and an outside.. . . If a line forms a closed, or almost closed, figure, we see no longer merely a line on a homogeneous background, but a surface figure bounded by the line" (Kofllca, 1935) .
The goal of this paper is to make explicit the connection between contour closure and the inference of multidimensional shape properties. We begin with the observation that the boundary of an unoccluded object with a simply connected surface projects as a simple, closed contour in a retinal image. A classical result in topology known as the Jordan curve theorem states that such a contour partitions the plane into two sets: an inside (figure) and an outside (ground). This partitioning is crucial because it allows the definition of two-dimensional shape properties such as curvature sign, concavities, convexities, narrowings and bulges. Such properties have in turn been shown to impose strong constraints on the shape of the three-dimensional surfaces in the scene (Biederman, 1988; Koenderink, 1984; Lowe, 1985; Marr, 1982) . Thus, ~omputationally, notions of contour closure and shape are deeply entwined: contour closure makes the inference of shape from contour possible. While in topology there is no concept of partial contour closure (a curve is either closed or it is not), in perception, shape can still be perceived even when the bounding contour is fragmented by occlusion, shadow or low reflectance contrast. What then is the role of closure in the perception of shape?
Our hypothesis is that in perception the notion of a closure continuum exists and that it is this perceptual closure which mediates shape perception. This hypothesis connecting closure to shape has never been tested: contemporary research has instead divorced these two notions, characterizing closure as an "emergent feature", "completely abstractable from shape" (Treisman & Paterson, 1984) .
This view has led to visual search and texture discrimination experiments designed to determine whether closed shapes are easily distin~ished from open shapes (Caelli, Julesz & Gilbert, 1978; Julesz, 1980; Treisman 62 Gormican, 1988; Treisman & Paterson, 1984) . A typical visual search task is to detect a closed "target" in a field of open "distracters". These experiments are normally -_
